Genomic imprinting is an epigenetic process that results in the preferential silencing of one of the two parental copies of a gene. Although the precise mechanisms by which genomic imprinting occurs are unknown, the tendency of imprinted genes to exist in chromosomal clusters suggests long-range regulation through shared regulatory elements. We characterize a 800-kb region on the distal end of mouse chromosome 7 that contains a cluster of four maternally expressed genes, H19, Mash2, Kvlqt1, and p57 Kip2 , as well as two paternally expressed genes, Igf2 and Ins2, and assess the expression and imprinting of Mash2, Kvlqt1, and p57
In mammals, a subset of genes are preferentially expressed according to their parent of origin. This phenomenon, variously termed genomic, parental, or gametic imprinting, has been shown for approximately 20 autosomal genes in mice and humans (4) . A fundamental question about imprinting involves the mechanism used for distinguishing the maternal and paternal alleles of a gene. The leading candidate is DNA methylation that is established in different patterns in the male and female germ lines and is maintained throughout embryogenesis to regulate the imprinted state. There are other epigenetic differences between the parental alleles of imprinted genes, including differential sensitivity of chromatin to nuclease digestion, asynchronous replication, and differential frequencies of meiotic recombination (5, 13, 18, 24, 25, 39) , but these are thought to be the consequences of the primary epigenetic mark, not the causes.
A striking feature of imprinted genes is the frequency with which they are found in close proximity to another imprinted gene, often one that is imprinted in the opposite direction. Four clusters have been characterized, and each contains both maternally and paternally expressed genes (22, 23, 29, 37, 50, 56, 58, 61) . The importance of clustering in imprinting remains unclear, but it suggests a role for a cis-regulatory element(s) that acts over a distance to permit the proper imprinting of genes in the cluster. In the case of Prader-Willi and Angelman syndromes, two human diseases that are associated with a cluster of imprinted genes on chromosome 15, deletions of a small region that spans the promoter of one of the paternally expressed genes, SNRPN, result in a disruption of the imprinting of genes hundreds of kilobases away. These observations imply the existence of an "imprint control element" acting on the entire cluster (8, 10, 49) . Alternatively, clustering could arise if genes within an imprinted cluster interact functionally; for example, one gene could act in cis to silence a neighboring gene in much the same way that the Xist RNA is thought to be required for silencing the genes on the inactive X chromosome (36, 40) . Finally, the integrity of imprinted clusters may also prove to be important for their regulation. In the case of another human disease associated with an imprinted gene cluster, Beckwith-Wiedemann syndrome (BWS), chromosomal rearrangements and translocations on chromosome 11 appear to be causative factors of the disease, in part by disrupting the imprinting of the insulin-like growth factor II (IGF2) gene (7, 20, 55) .
In mice, evidence for the importance of imprinted gene clustering comes from studies of H19 and Igf2. These genes lie on distal chromosome 7, in a region syntenic to human chromosome 11p15.5, and the maternal silencing of Igf2 requires the presence of the H19 gene 90 kb away (31, 44) . The role of H19 in the silencing of Igf2 is thought to arise from its ability to compete with Igf2 for a common set of endoderm-specific enhancers located downstream of the H19 gene (31) . On the maternal chromosome, H19, because of its position relative to the enhancers, prevents enhancer activation of Igf2. On the paternal chromosome, however, allele-specific methylation suppresses the H19 promoter, allowing activation of Igf2 transcription (5, 13, 32) . A similar explanation involving promoter competition has now been offered for the imprinting of the Igf2r gene on mouse chromosome 17 (3, 58) .
In the last 3 years, several new imprinted genes have been mapped close to Igf2 and H19, including the placenta-specific gene Mash2 and the cyclin-dependent kinase inhibitor gene p57 Kip2 , both of which are maternally expressed (16, 19) . A targeted disruption of Mash2 leads to embryonic death from placental failure in homozygous mutants and in heterozygous mutants inheriting the null allele maternally (17) . Disruption of p57 Kip2 leads to embryonic or early neonatal death when inherited in the same manner (60, 62) . Interestingly, p57 Kip2 mutant mice exhibit some features of BWS, including macroglossia and omphalocele.
Recently, another maternally expressed imprinted gene, KvLQT1, has been identified on human chromosome 11p15.5. KvLQT1 is imprinted in most human fetal tissues in which it is expressed, except for the heart (28) . Mutations in KvLQT1 cause long-QT syndrome, a heart defect that often leads to sudden death (53) . Consistent with the lack of KvLQT1 imprinting in the heart, this syndrome is not inherited in a parentof-origin-specific manner.
This well-characterized cluster of imprinted genes provides an ideal opportunity to test experimentally the significance of linkage of imprinted genes. Toward that goal, we have generated a genetic and physical map of the region in the mouse, on which we have accurately placed eight genes. We show that a mutation at the H19 locus that disrupts imprinting of Igf2 and Ins2 has no effect on the imprinting of Mash2, Kvlqt1, and p57 Kip2 . Likewise, deletion of p57 Kip2 does not affect the imprinting or expression of the other genes. In contrast, a mutation in the maintenance DNA methyltransferase gene (Dnmt) has different effects on imprinting depending on the gene in question.
RNA was treated with DNase I (Stratagene) for 30 min and then extracted with phenol-chloroform (1:1), precipitated with 2 volumes of ethanol, and reverse transcribed by use of Superscript II (Gibco/BRL) with oligo(dT) as the primer as specified by the manufacturer. Analogous reactions were performed without reverse transcriptase (RT) to control for DNA contamination. Imprinting of H19 in Dnmt Ϫ/Ϫ embryos was assayed by single-strand conformational polymorphism analysis as described previously (51) . H19 and Igf2 expression in p57 Kip2 -deficient mice was detected by allele-specific RNase protection assays (6, 30) . For Mash2, cDNA was amplified by PCR in the presence of [ 33 P]dCTP with Mash2-specific primers spanning intron 2, 5Ј-TTA GGG GGC TAC TGA GCA TC-3Ј (forward) and 5Ј-AAG TCC TGA TGC TGC AAG GT-3Ј (reverse). The conditions for amplification were 94°C for 1 min, 55°C for 2 min, and 72°C for 2 min for 35 cycles followed by 4 min at 72°C for 1 cycle. The products were digested with BstNI for 1 h at 60°C and run on a 40-cm 8% acrylamide gel at 50 W for 2 h. The gel was dried and visualized by autoradiography on BioMax film (Kodak). CD81 cDNA was amplified by PCR with primers 5Ј-AGC CAT TGT GGT AGC TGT C-3Ј (forward) and 5Ј-CAT TGA AGG CAT AAC AGG GCT TAC-3Ј (reverse). The conditions for amplification were 94°C for 30 s, 55°C for 60 s, and 72°C for 90 s for 35 cycles followed by 4 min at 72°C for 1 cycle. The products were digested with RsaI for 1 h at 37°C and analyzed on a 10% polyacrylamide gel. Kvlqt1 cDNA was amplified by PCR with primers 5Ј-GAT CAC CAC CCT GTA CAT TGG-3Ј (forward) and 5Ј-CCA GGA CTC ATC CCA TTA TCC-3Ј (reverse). On the basis of the structure of the human gene (28) , these primers amplify sequences that span four introns. The conditions for amplification were 94°C for 30 s, 55°C for 60 s, and 72°C for 90 s for 35 cycles followed by 4 min at 72°C for 1 cycle. The product was digested with PvuII for 1 h at 37°C and analyzed on a 10% 1ϫ TBE polyacrylamide gel. p57
Kip2 cDNA was amplified by PCR with primers spanning intron 2, 5Ј-TTC AGA TCT GAC CTC AGA CCC-3Ј (forward) and 5Ј-AGT TCT CTT GCG CTT GGC-3Ј (reverse). The conditions for amplification were 94°C for 1 min, 57°C for 2 min, and 72°C for 2 min for 35 cycles followed by 4 min at 72°C for 1 cycle. The products were digested with AvaI for 1 h at 37°C and analyzed on a 10% polyacrylamide gel.
RESULTS
Genetic and physical mapping of the imprinted gene cluster on chromosome 7. To characterize the imprinted domain at distal chromosome 7, we first constructed a genetic and physical map of the region. Previous linkage analysis had positioned p57 Kip2 centromeric to H19 on mouse distal chromosome 7, analogous to the orientation of these genes on human chromosome 11p15.5 (19) . To confirm this, we carried out a linkage analysis with 78 progeny of the interspecific backcross (BTBR ϫ M. spretus)F 1 ϫ BTBR. In contrast to the previous report, our mapping places H19 at the centromeric end and p57 Kip2 at the telomeric end of the cluster (Fig. 1A , right). Our gene order is based on results with three recombinant animals, whereas the other study found only one such animal. The recombination frequencies (expressed as mean genetic distance in centimorgans [cM] Ϯ standard error) are D7Mit12-2.6 Ϯ 1.8-H19-2.6 Ϯ 1.8-Mash2-1.3 Ϯ 1.3-p57 KIP2 -0-D7Mit47. To determine the physical distances between the genes in the cluster, we used primers specific to p57
Kip2 and Mash2 to screen the Princeton and MIT YAC libraries. Using both YAC ends and probes specific to p57 Kip2 , Mash2, and Kvlqt1, we also screened the Research Genetics BAC library. Restriction enzyme digest analysis of the resulting YAC and BAC clones placed H19 and p57
Kip2 about 800 kb apart (Fig. 1B) . Three additional genes were localized to the region: Kvlqt1, CD81 (Tapa1), and Th. In addition, we determined the transcriptional orientation of each gene by restriction mapping with 5Ј and 3Ј gene-specific probes and found that all are transcribed toward the centromere, with the exception of Kvlqt1 and possibly CD81, whose current orientation is based on that of the human gene (Fig. 1) .
The physical distances between H19 and Mash2 (ϳ250 kb) and Mash2 and p57 Kip2 (ϳ550 kb) are considerably shorter than those predicted from the genetic distances (ϳ5 and 2.5 Mb), respectively. The presence of a high rate of recombination during female meiosis is unexpected, given studies with humans that suggested that female meiotic recombination is suppressed in imprinted regions (39) . Whether this reflects a species difference or whether it is specific to the interspecific cross we analyzed is unknown.
Imprinting of genes within the cluster. To determine the imprinting profile of p57 Kip2 , Kvlqt1, CD81, and Mash2 during development, we generated progeny from reciprocal crosses between strains of M. domesticus and BTBR(SPR H19-p57), a congenic BTBR strain containing sequence from M. spretus at distal chromosome 7. We identified polymorphisms between alleles from the two species and developed RT-PCR assays to determine which parental allele was expressed in the offspring. For each assay, mixing controls were used to verify that there was no allelic bias in amplification (data not shown). Furthermore, all assays were done with primers that spanned at least one intron, to eliminate the possibility of amplification of genomic DNA.
As shown in Fig. 2A , Kvlqt1 is maternally expressed in extraembryonic tissues at all stages of development analyzed but begins to lose its imprint in embryos after e9.5. This finding is in contrast to studies of human KvLQT1, which showed imprinting in all fetal tissues tested except for the heart (28).
Interestingly, there appears to be a 1-day difference in the acquisition of paternal Kvlqt1 expression in 129/Sv M. domesticus ϫ BTBR(SPR H19-p57) and BTBR(SPR H19-p57) ϫ 129/Sv M. domesticus hybrids, suggesting that the M. spretus allele is more readily activated by e9.5. To determine whether the expression pattern of Kvlqt1 in mouse embryos past e8.5 was skewed by biallelic expression in the heart, we compared the expression of Kvlqt1 in the heads with that in the bodies of e13.5 embryos derived from crosses between C57BL/6 mice and a B6(CAST H19-p57) congenic strain ( Fig. 2B and data not shown). Fortuitously, the M. castaneus Kvlqt1 allele possesses the same polymorphism as the M. spretus allele. Our results confirmed that Kvlqt1 is biallelically expressed in both embryo heads and bodies at e13.5, suggesting that the biallelic expression we detected in whole embryos was not solely attributable to contamination from heart RNA.
To rule out tissue-specific imprinting that would be obscured by examination of whole embryos, we examined RNAs isolated from tissues of 4-day-old neonates derived from C57BL/6 ϫ B6(CAST H19-p57) reciprocal crosses. As shown in Fig. 2B , Kvlqt1 was biallelically expressed in all neonatal tissues examined. Thus, we conclude that mouse Kvlqt1 imprinting is specific to extraembryonic tissues except at early stages of development.
Consistent with previous reports of p57 Kip2 imprinting (19), we observed that p57
Kip2 was imprinted at all developmental stages in both placental and embryonic tissues ( Fig. 2A) . By in situ hybridization, Guillemot et al. (16) had observed the expression of paternal Mash2 mRNA in a fraction of trophoblast cells at e6.5 and e7.5, suggesting that the imprinting of Mash2 is temporally regulated. To confirm this finding in wild-type animals, where there would be no selective pressure for inappropriate Mash2 expression, we used allele-specific RT-PCR; however, we were unable to detect Mash2 mRNA at e6.5 (Fig.  2C, lane 3) . By e7.5, the paternal allele of Mash2 was silent when it was inherited from BTBR(SPR H19-p57) (lane 4). When paternal Mash2 was inherited from M. domesticus, however, its expression was still evident at e8.5 (lane 8) and was not extinguished until e9.5 (lanes 9 and 10). Thus, as suggested from the Mash2 gene disruption, Mash2 imprinting is develop- mentally acquired, at least when the paternal allele is derived from M. domesticus. Furthermore, the more rapid silencing of the M. spretus allele of Mash2 is an example of an allelic difference in the timing and expression of imprinting in mice.
Prior studies of CD81 (35) and Th (63) gene disruptions in mice did not indicate a parent-of-origin phenotype typical of imprinted genes. Th homozygous mutant embryos die of cardiovascular failure between e11.5 and e15.5, whereas heterozygotes are fully viable. The CD81 mutant phenotype is a subtle delay in the humoral response of B cells, and hence its imprinting might have been overlooked. Therefore, we used RT-PCR to examine its imprinting during development. Although CD81 expression shows a strong maternal bias early in development, by e8.5, it is expressed well from both parental alleles in embryonic and extraembryonic tissues ( Fig. 2A) . Thus, Mash2 is closely flanked by two predominantly nonimprinted genes. This observation is reminiscent of X chromosome inactivation in humans, where genes that escape inactivation are interspersed among genes that are inactivated (57) . To date, L23MRP and NAP2, two nonimprinted genes that lie immediately telomeric and centromeric, respectively, to this region of human chromosome 11p15.5, have been viewed as defining the limits of the imprinting cluster (21, 52) . The discovery of other nonimprinted genes embedded within the cluster, however, suggests that this notion should be reconsidered.
Effect of cis mutations on expression and imprinting in the cluster. Because Igf2 and Ins2 are known to depend on the H19 gene for their imprinting, we were interested in whether H19 could exert its effect further along distal chromosome 7. The distal genes are expressed on the same chromosome as H19, and therefore we would not expect a role for H19 in promoter competition with Mash2, Kvlqt1, and p57
Kip2
. However, there is a precedent in the Prader-Willi imprinted gene cluster for a deletion of SNRPN, a paternally expressed gene, affecting the expression of linked paternal genes many kilobases away (45) . To address this question, we assayed the imprinting status of Mash2, Kvlqt1, and p57
Kip2 in mice lacking the H19 gene plus 10 kb of its 5Ј-flanking DNA (H19 ⌬13 ) (30) . As shown in Fig.  3 Kip2 , and CD81, RT-PCR analysis was performed on F 1 progeny from a reciprocal interspecific cross between 129/Sv M. domesticus (D) and BTBR(SPR H19-p57) (S) mice dissected at e6.5, e7.5, e8.5, e9.5, and e12.5 (labeled 6, 7, 8, 9, and 12, respectively). The e6.5 embryo and extraembryonic tissues were dissected out together (lane 3); otherwise, the embryo was separated from the ectoplacental cone or placenta for analysis (lanes 4 to 10 and 13 to 19). 129/Sv or BTBR(SPR H19-p57) embryo (lanes 1 and 2) and placenta (lanes 11 and 12) at e12. 
domesticus (D) and B6(CAST H19-p57) (C). (C) Mash2
RT-PCR analysis of F 1 progeny from a reciprocal interspecific cross between BTBR (D) and BTBR(SPR H19-p57) (S) mice. Dissections were of the whole decidua at e6.5, e7.5, and e8.5, of extraembryonic tissue at e9.5, and of placenta alone at e12.5.
FIG. 3. Effect of an H19 deletion on the imprinting of Mash2, p57
Kip2 , and Kvlqt1: RT-PCR analysis of e12.5 placenta (Mash2 and Kvlqt1) and e12.5 embryo (Kvlqt1 and p57 Kip2 ). Females heterozygous for the H19 gene body deletion (H19 ⌬13 ) (31) were crossed to BTBR(SPR H19-p57) males, and the F 1 wild-type (ϩ/ϩ) and heterozygous (ϩ/Ϫ) littermates (mat) were subjected to allele-specific assays (lanes 3 and 4) . The reciprocal cross resulting in paternal inheritance of H19 ⌬13 (pat) was also analyzed (lanes 5 and 6). 129/Sv (D) or BTBR(SPR H19-p57) (S) embryo or placenta (lanes 1 and 2) at e12.5 was analyzed to show the parental alleles. tial mouse model for the disease (27, 60, 62) . Because the somatic overgrowth associated with BWS is often attributed to overexpression of Igf2 and because we have observed somatic overgrowth in e16.5 maternal heterozygous embryos (9a), we asked whether loss of p57 Kip2 affected the expression or imprinting of Igf2 and/or H19. p57
Kip2 heterozygous null mice (lacking exons 1 and 2 [87% of the coding region]), obtained from S. Elledge (Baylor College of Medicine), were crossed to B6(CAST H19-p57) mice to obtain e13.5 embryos inheriting the p57 Kip2 null allele from either parent. With RNA derived from these embryos, we carried out allele-specific RNase protection assays to assess the effects on H19 and Igf2 RNAs, as well as RT-PCR analysis to examine the effects on imprinting and expression of Kvlqt1. As shown in Fig. 4, H19 , Igf2, and Kvlqt1 imprinting and expression are not affected by the p57 Kip2 deletion when it is present on the maternal chromosome, the chromosome from which p57
Kip2 is normally expressed. Furthermore, the deletion of p57 Kip2 DNA encompassing exons 1 and 2 did not disrupt local imprinting, since transcripts of the neomycin resistance (Neo r ) gene that replaces p57 Kip2 were detected only upon maternal inheritance (9a). Given these results, we conclude that loss of p57 Kip2 function has no effect on imprinting and expression of other genes in the region.
Effect of DNA methylation on imprinting in the cluster. DNA methylation has different effects on imprinted genes. For H19 and Snrpn, methylation is required to maintain the silence of the genes, a finding that is consistent with the substantial methylation at their promoters (5, 13, 32, 46) . In contrast, Igf2 and Igf2r, both of which are methylated on their expressed allele, are silenced in the absence of DNA methylation (32) . It has been suggested that this classification of imprinted genes on the basis of the response to the loss of methylation is a useful way to distinguish genes that are the direct targets for DNA methylation (i.e., H19 and Snrpn) from those that are responding to methylation changes elsewhere (i.e., Igf2 and Igf2r) (3).
To classify the telomeric genes on distal chromosome 7 with regard to their response to methylation, we analyzed their imprinting in mice lacking the DNA methyltransferase gene (Dnmt), whose product is responsible for the maintenance of methylation in the genome (33) . To allow us to distinguish the parental alleles of the genes in question, we bred the Dnmt s null allele onto a BTBR(SPR H19-p57) background. Dnmt Ϫ/Ϫ mice die just after e9.5. Therefore, we studied embryonic and extraembryonic tissues from pools of e9.5 progeny of reciprocal crosses between heterozygous Dnmt ϩ/Ϫ and Dnmt ϩ/Ϫ BTBR(SPR H19-p57) mice. As shown in Fig. 5 , in the absence of maintenance methylation, p57 Kip2 is biallelically expressed (lanes 2, 4, 6, and 8), suggesting that DNA methylation is acting directly on p57
Kip2 to repress its expression. In contrast, the maternal allele of Kvlqt1 is repressed in the absence of
FIG. 4. Effect of a p57
Kip2 mutation on the imprinting of H19, Igf2, and Kvlqt1. (A) Females heterozygous for the p57 Kip2 deletion (mat) (62) were crossed to B6(CAST H19-p57) males, and the F 1 wild-type (wt) and heterozygous (mut) littermates were analyzed by use of allele-specific RNase protection assays of H19 and Igf2 RNAs in head, trunk, and placenta (plac) RNAs. The reciprocal cross resulting in paternal inheritance of the deletion allele (pat) was also analyzed. C57BL/6 (D) or B6(CAST H19-p57) (C) embryo or placenta at e12.5 was analyzed to show the parental alleles. (B) The same placental samples from the p57 Kip2 deletion progeny were analyzed by RT-PCR for Kvlqt1 expression. methylation (lanes 10, 12, 14, and 16), suggesting that this gene is an indirect target of DNA methylation and that methylation is required for Kvlqt1 expression.
The most surprising observation of the methylation study was made when the imprinting of Mash2 was examined and found to be unaffected by the loss of DNA methylation. This result is most striking in [129/Sv ϫ BTBR(SPR H19-p57)]F 1 hybrids ( Fig. 5; compare lanes 17 and 18) . In [BTBR(SPR H19-p57) ϫ 129/Sv]F 1 wild-type hybrids, the expression of the gene exhibits a strong maternal bias by e9.5 whereas the Dnmt Ϫ/Ϫ embryos are biallelic (compare lanes 19 and 20) . This difference in the two F 1 hybrids most probably reflects the fact that the DNA methyltransferase mutants are developmentally delayed about 1 day at e9.5 (33) . Thus, when the expression of Mash2 at e8.5 is used as the appropriate comparison (Fig. 2C,  lane 8) , once again there is no impact of the Dnmt mutation. Given this finding, we wanted to confirm that DNA methylation had been affected in the Dnmt Ϫ/Ϫ embryos. Therefore, we used the same samples to examine the imprinting status of the H19 gene, which had previously been shown to become biallelic in the absence of Dnmt (32). As Fig. 5 illustrates, H19 RNA was detected from both alleles (lanes 22, 24, 26, and 28), confirming that Dnmt-dependent methylation is reduced in these tissues. Thus, this experiment provides no evidence for methylation playing a role in regulating the imprinting of Mash2.
DISCUSSION
Although the precise mechanisms by which imprinting occurs are unknown, the conserved localization of the imprinted genes on distal chromosome 7 in mice and humans suggests that clustering may be important for mechanistic or functional reasons. Our results show that the linkage of eight genes is conserved between mice and humans, consistent with the integrity of the region being important for proper imprinting of the genes contained therein (28, 41, 42) . The synteny among imprinted genes in this region probably extends beyond the region. Recently, another maternally expressed imprinted gene, IPL/Ipl, has been characterized in humans and mice (41) . In humans, this gene has been physically mapped centromeric to p57 Kip2 , and in mice, its genetic linkage places it in an analogous position. We have identified one major difference between the organization of this region in humans and mice in the positions of Th and CD81 relative to Mash2 and Ins2. In humans, TH is within 12 kb of INS (34) , whereas in mice, the gene is just 25 kb centromeric of Mash2. In addition, a human P1 clone of the syntenic region of chromosome 11p15.5 (GenBank accession no. AC002536) places CD81 106 kb away from HASH2 (the human homolog of Mash2), whereas we detected CD81 sequences within 24 kb of Mash2. Another difference is the orientation of the cluster relative to the centromere. In humans, H19 is the most telomeric gene at 11p15.5, whereas our genetic analysis in mice places p57
Kip2 closest to the telomere.
For the most part, the imprinting of the genes in this cluster is conserved between humans and mice. One difference we uncovered is in the maintenance of imprinting of Kvlqt1 during embryogenesis. In humans, the gene is imprinted in all fetal tissues except the heart (28), whereas in mice, the imprint is lost in all neonatal tissues examined. Species-specific differences in imprinting have been detected for the Igf2r gene as well, but in that case imprinting is relaxed in humans (47, 59) .
Gene linkage has clearly been shown to be important for the imprinting of Igf2, H19, and Ins2. The mechanism is probably a transcriptional one, in which the genes require a common set of enhancers (31) . DNA methylation on the paternal chromosome, the only epigenetic mark that has been identified, silences the H19 gene and thereby permits Igf2 and Ins2 expres-
FIG. 5. Effect of a Dnmt mutation on the imprinting of p57
Kip2 , Kvlqt1, Mash2, and H19. Heterozygous Dnmt s mice (33) were crossed to BTBR(SPR H19-p57) mice that were also heterozygous for Dnmt s and wild-type (ϩ/ϩ) or mutant (Ϫ/Ϫ) progeny were dissected into embryonic, ectoplacental cone (E.P.C.), and yolk sac samples at e9.5. Yolk sac DNA was used to genotype the samples. Wild-type or mutant embryonic or ectoplacental cone samples were pooled for RT-PCR imprinting analyses. Abbreviations are the same as in Fig. 2. sion (5, 13, 32) . On the maternal chromosome, it is the position of the H19 gene, relative to the enhancers, that determines the preference for H19 transcription (54) . This mechanism, however, does not extend to the telomeric genes in the cluster, since mutations that affect Igf2, H19 and Ins2 have no effect on these genes. Therefore, if a single element regulates distal chromosome 7 imprinting, that element does not appear to be the H19 gene.
The most compelling evidence in favor of a mechanistic link between the imprinting of genes throughout this cluster comes from observations in human patients with BWS. Approximately 80% of BWS patients exhibit biallelic IGF2 expression, and overexpression of IGF2 is thought to be responsible for most of the BWS phenotype, particularly the somatic overgrowth (43) . Two recent mouse models of BWS, in which overexpression of Igf2 is achieved through transgenesis or genetic manipulation, lend strong support to this conclusion (12, 48) . Some BWS patients have chromosomal abnormalities including balanced translocations whose breakpoints map to two regions of chromosome 11p15.5 (20) . The first cluster of breakpoints lies in the 3Ј end of the KvLQT1 gene, and one patient with such a translocation was shown to exhibit biallelic IGF2 expression (7) . If this finding holds up with other BWS translocation patients, it strongly suggests that IGF2 imprinting requires linkage not just to H19 but also to sequences downstream of KvLQT1. The other cluster of translocation breakpoints is at least 4 Mb centromeric to p57
Kip2
, but the allelic expression of IGF2 has not been examined in any of these patients.
One reason for caution in interpreting the human translocations as implying a mechanistic linkage between the two domains of the cluster is that a small percentage of BWS patients have point mutations in the p57 Kip2 gene itself (27, 38) . It is unknown whether these rare patients display biallelic IGF2. If they do not, it is possible that the translocations are disrupting only p57
Kip2 expression. As we have shown in this report, a loss-of-function mutation of p57 Kip2 in mice does not result in biallelic Igf2 expression. The mice do exhibit some BWS-like symptoms, such as omphalocele, renal dysplasia, and adrenal cytomegaly, but they lack other features (60, 62) . Thus, BWS is very likely to be a genetically complex disorder. Finally, there is indirect evidence for linkage between the genes in the cluster from studies of patients with Wilms' tumor, where a general correlation between the expression of H19 and p57 Kip2 has been observed (9) .
Since H19 does not appear to be the global regulator of imprinting of the telomeric genes, we considered the possibility that these genes are regulated by a common mechanism involving DNA methylation. By analogy to the paternally expressed genes in the Prader-Willi complex, which are coordinately expressed on the unmethylated paternal chromosome and silenced on the methylated maternal chromosome (for reviews, see references 15 and 26), we expected Mash2, Kvlqt1, and p57
Kip2 to respond in the same way to the absence of DNA methylation. Instead, each gene responded differently.
The imprinting of p57 Kip2 in all tissues, coupled with the activation of its paternal allele in Dnmt Ϫ/Ϫ embryos, makes it a good candidate for a direct target of DNA methylation silencing. Indeed, Hatada and Mukai (19) Kvlqt1, on the other hand, exhibits characteristics of a gene that is an indirect target of methylation. Like Igf2 and Igf2r, the expression of the active allele is extinguished in Dnmt Ϫ/Ϫ embryos. By analogy to those genes, we would expect that there is a yet-to-be-identified paternally expressed transcript in the locus that competes with Kvlqt1 for expression in the placenta. It would be that gene whose expression is directly silenced by DNA methylation. This is the first suggestion that maternally specific methylation might exist at this cluster.
An indirect mechanism for Kvlqt1 imprinting is also consistent with its tissue-specific imprinting. Tissue-specific imprinting can best be explained by considering the case of the Ins2 gene, which is imprinted in extraembryonic tissues but not in the pancreas (14) . It has been proposed that the tissue specificity is a consequence of the position of transcriptional enhancers relative to the epigenetic mark at the H19 gene (4, 54) . In extraembryonic tissues, Ins2 expression requires the same 3Ј distal transcriptional enhancers that govern Igf2 and H19 expression, and thus its expression depends on the transcriptional status of the H19 gene. In the pancreas, an enhancer that lies 5Ј of the gene is activated, and by virtue of its position, it escapes the influence of imprinting (11) . For Kvlqt1, the target of the competition would be a placenta-specific enhancer.
The gene whose imprinting does not fit into one of these two categories of imprinted genes is Mash2, which is imprinted and expressed only in the placenta but appears to be unaffected by a loss in DNA methylation. It could be that Mash2 needs only a small amount of methylation to be imprinted. Li et al. (32) had noted that the Igf2r gene was more resistant than H19 to demethylation in mice carrying a hypomorphic allele of Dnmt; however, the gene was affected in animals carrying a null allele. Furthermore, even in mice with a null allele of Dnmt, such as the animals we used in this study, there is residual genomic DNA methylation at a level approximately 5 to 10% of that in wild-type embryos (33) . Thus, it is formally possible that another DNA methylase provides the signal for Mash2 imprinting. No differentially methylated sites associated with Mash2 have been detected to date, however (8a). Moreover, we have observed that a 105-kb P1 clone encompassing the Mash2 locus displays biallelic expression in transgenic mice, arguing against local controls governing its imprinting (8a). If methylation is not involved in Mash2 imprinting, we must invoke an entirely novel imprinting control mechanism, such as heritable changes in chromatin structure.
In conclusion, our results with mice did not uncover longrange effects among the genes on distal chromosomes by known imprinting mechanisms as would be expected if the evolutionary conservation of the entire region is being maintained for regulatory reasons. Furthermore, a single mechanism whereby methylation spreads along the chromosome from a nucleating center can be argued against, since methylation is predicted to be on the paternal chromosome at p57 Kip2 , as it is for Igf2 and H19, but is expected to be on the maternal chromosome to affect Kvlqt1. The question that remains is whether there is any mechanistic link between p57 Kip2 , Kvlqt1, and Mash2 imprinting. Their common imprinting in the placenta is consistent with such a connection; however, the distinct ways in which they respond to the loss of DNA methylation cannot be readily reconciled. Thus, it is possible that distal chromosome 7 does not contain a single cluster of imprinted genes but, rather, contains multiple clusters, regulated by individual mechanisms.
